From August 2013, all patients undergoing CF-guided ablation for AF were followed in a prospective database approved by the local © 2017 American Heart Association, Inc. , and higher ILD max (6.8 versus 5.5 mm). ALCI min was significantly lower in segments with PVR (74% versus 104%; P˂0.001) and was associated with the highest accuracy to predict durable segments (area under the curve=0.73). Conclusions-In CF-guided pulmonary vein isolation, PVR is explained by lack of both lesion depth and contiguity within the deployed radiofrequency circle. ALCI, a novel measure combining contiguity and depth, is the most accurate predictor for durable segments. By avoiding weak links in the ablation chain, ALCI-guided ablation is expected to improve success rate of point-by-point radiofrequency ablation. (Circ Arrhythm Electrophysiol. 2017;10:e004867.
C atheter-based pulmonary vein isolation (PVI) is associated with a single procedure freedom from atrial fibrillation (AF) in ≈70% of patients with paroxysmal AF. 1, 2 Lack of durability of PVI, a major determinant of AF recurrence, is evidenced by acute PV reconnection at the time of the procedure and late pulmonary vein reconnection (PVR) during followup. [3] [4] [5] The use of contact force (CF)-sensing catheters, allowing to better control stability and lesion depth during point-by-point PV encircling, has improved freedom from AF now amounting to ≈80%. [6] [7] [8] Nevertheless, acute and late PVR still occur, and data on 1-year outcome are not consistent across studies. [6] [7] [8] [9] We aimed to investigate whether acute and late PVR in CF-guided ablation are because of incomplete transmural or discontiguous radiofrequency lesions within the deployed PV circle and whether criteria can be set forward as targets to avoid weak links in the ablation chain. Criteria for lesion depth implied time of application, median delivered power, impedance drop, average CF, force-time integral (FTI), and ablation index (AI). 10, 11 Contiguity was assessed by calculating automated interlesion distance. Ablation line contiguity index (ALCI) was developed as a novel automated algorithm to assess both depth and contiguity. Determinants of PV Reconnection institutional review committee. This database implies collecting patients' informed consent, a detailed case report form of the procedure, and follow-up at 1, 3, 6, and 12 months. In the present article, we present retrospective analysis of all patients who underwent CFguided catheter ablation for drug-resistant or drug-intolerant symptomatic paroxysmal AF between December 2013 and July 2014 in the St Jan Hospital Bruges (n=42).
CF-Guided Pulmonary Vein Isolation
Ablation procedures were performed by 4 operators. PVI was performed under conscious sedation or general anesthesia. In patients undergoing anesthesia, transesophageal echocardiogram and esophageal temperature monitoring (SensiTherm, St Jude Medical Inc, MN) were performed. After femoral access, intravenous heparin (100 IU/kg) was administered and continuously infused (activated clotting time >300 seconds). After double transseptal puncture, a decapolar Lasso catheter and an 8F open-tip irrigated RF catheter with tip-integrated CF sensor (Thermocool SmartTouch; Biosense-Webster, Inc, Diamond Bar, CA) were positioned in the left atrium. Calibration of CF catheter and respiratory gating were performed. After reconstructing 3D geometry (Carto System; BSW), point-by-point ipsilateral PVI was performed using real-time automated display of RF applications (Visitag; Biosense-Webster, Inc), with predefined settings of catheter stability (3 mm for 8 seconds) and minimum CF (30% of time >4 g). RF was delivered (EP Shuttle ST-3077; Stockert GmbH, Freiburg, Germany) in a power-controlled mode (without ramping) with maximum 25 W for 30 seconds on the posterior wall and roof and maximum 35 W for 60 seconds on the anterior wall (irrigation flow of 17-30 mL/min, adapted based on catheter tip temperature feedback). According to data from the EFFICAS studies, CF target was >10 g. 12, 13 No specific FTI threshold was targeted. In case of chest pain or significant intraesophageal T° rise (>38.5°C) during posterior wall ablation, RF delivery was stopped prematurely. No strict criteria for contiguity were available at that time. AI and ALCI were not available to the operators.
After electric isolation within the ipsilateral circle (ie, entrance block verified by Lasso catheter), we waited for 20 minutes after which adenosine (dose resulting in atrioventricular block) was given to each PV (with the Lasso in its corresponding position). In case of reconnection during waiting or after adenosine (acute PVR), the site of reconnection was allocated based on the earliest Lasso signal, and the morphology of the bipolar electrogram recorded by the ablation catheter at the LA-PV junction. Touch-up ablation at the putative site of reconnection was continued until PVI was resistant to subsequent waiting and adenosine. The anatomic site of reconnection within the circle (ie, site of earliest activity and where touch-up RF eliminated PVR or markedly changed activation pattern) was carefully annotated.
Criteria for Lesion Depth and Contiguity
Each procedure was exported and analyzed offline. For each RF tag within the circle, we determined offline criteria for depth: time of application (s), median delivered power (W), impedance drop (Δ-Imp, Ω), average CF (g), FTI (gs), and AI (au). AI is an indirect measure for prediction of lesion quality based on a logarithmic formula integrating power and CF over time, which was available as an offline research tool. 12, 13 In addition, we determined contiguity by measuring interlesion distance (ILD) in between neighboring ablation tags (centerto-center distance, mm). To combine both depth and contiguity in one single criterion we developed in Matlab (Mathworks, Natick, MA) a new algorithm to assess ablation line contiguity (ALC). ALCI is defined as the ratio of the estimated width of 2 neighboring lesions (i and j) over their interlesion distance (ILDij) and calculated as follows:
The width of a lesion is defined as the multiplication of estimated lesion depth (AI) and the conversion factor (Conv). The conversion factor is used because experimental studies have shown that maximal lesion width exceeds depth by a factor ranging from 1.5 to 2.0 (ellipsoid nature of RF lesions). In the present study, Conv was 1.5 for the anterior wall (thick tissue) and 2.0 for the posterior wall (thin tissue) lesions. To assure contiguity, we hypothesized that lesions should overlap by 25%. Therefore, an overlapping coefficient of 0.75 was used. This overlap also corrects for the fact that lesion width at the tip-tissue interface is smaller than its maximal width.
Follow-Up
After ablation, anticoagulation and previously failing antiarrhythmic drugs were continued. At 3 months, anticoagulation was continued according to the stroke risk, whereas antiarrhythmic drug therapy was continued at the discretion of the treating physician. Clinical evaluation and ECG were performed at 1, 3, 6, and 12 months. Holter was performed at 3 months (24 hours), 6 months (24 hours), and 12 months (7 day) or in case of symptoms. In case of recurrence, defined as any documented atrial tachyarrhythmia lasting >30 seconds, repeat ablation procedure was advised. In case reconnection was observed at the beginning of the repeat procedure (late PVR), ablation was performed until PVI was obtained. The sites of reconnection within the circle (ie, site of earliest activity and where RF eliminated PVR) were annotated.
Determination of the Weakest Link Within the Deployed RF Circle
Each PV circle was divided into 10 anatomic segments, each encompassing 3 to 5 RF tags. (Figure 1, top) . For each segment, the weakest link was defined as the minimal or maximal value for each criterion (time min , power min , Δ-Imp min , CF min , FTI min , AI min , ILD max , and ALCI min ). A representative example of the weakest link analysis is shown in (Figure 1, bottom) . In this patient (without acute or late PVR), the weakest link in segment 9 (anterior segment of the right circle encompassing 4 RF tags) was characterized by time min of 60 seconds, power min of 30 W, Δ-Imp min of 11 Ω, CF min of 8.6 g, FTI min of 515 gs, AI min of 529 au, ILD max of 6.4 mm, and ALCI min of 95%.
Ablation tags belonging to additional RF applications delivered to treat acute PV were ignored for analysis in case of acute PVR but were included in the analysis of late PVR.
The 
WHAT IS KNOWN
• Recurrence of atrial fibrillation after radiofrequency (RF) pulmonary vein isolation (PVI) is generally caused by reconnection of the pulmonary veins.
• Contact force-guided PVI is associated with improved outcome but reconnection still occurs and results are not consistent across studies.
WHAT THE STUDY ADDS
• Reconnection in contact force-guided PVI, is explained by both discontiguity and insufficient lesion depth in the deployed RF circle.
• This study suggests that an ablation strategy aiming to enclose the veins with contiguous and optimized RF lesions will lead to durable isolation.
• Ablation line contiguity index, a novel measure assessing both contiguity and lesion depth, can be used as an objective measure to avoid weak links in the ablation chain and to standardize RF-guided isolation. Determinants of PV Reconnection per segment, and for posterior wall (segments 1-2-3-4-5 and roof segment 10) and anterior wall (segments 6-7-8-9) separately.
Statistics
Continuous variables are expressed as mean±SD (or medians with quartiles for non-normal distributions) and dichotomous variables as percentage. Normality of data distribution was tested with ShapiroWilk test. Linear mixed model tests accounting for within-patient correlation were used to evaluate difference of ablation measures between segments with PVR and segments without PVR. KaplanMeier estimate was used to calculate the survival time from first procedure to recurrence and from first procedure to repeat procedure. Segments without PVR, with acute PVR, and with late PVR were compared using Kruskal-Wallis tests accounting for within-patient correlations and with conservative adaptation for multiple comparisons (Bonferroni). Multivariable analysis was performed with generalized linear mixed model to assess the association among the measures and PVR. Receiver-operator characteristic (ROC) curves were plotted and analyzed to determine the diagnostic accuracy to discriminate PVR at different clinical cutoffs.
11,12,14 P values <0.05 were considered statistically significant. All statistical analyses were performed in SPSS Statistics 22 (IBM Corporation, Armonk, NY).
Results

Patients, Procedure, and Follow-Up
Clinical characteristics are given in Table 1 . All patients had paroxysmal AF. General anesthesia was used in 15 procedures (36%). Procedure time was 189±41 minutes, RF time per procedure was 55.0±11.8 minutes, and RF time per circle was 27.6±7.7 minutes. All ipsilateral pairs of veins (84 circles) were electrically isolated at the end of the procedure. One patient required percutaneous pericardiocentesis for tamponade. At 12 months, 18 patients (43%)were on antiarrhythmic drug therapy. Recurrence of AF was documented in 7 patients (freedom from AF 81%). In 6 patients, a repeat ablation was performed. Survival time from the first procedure to recurrence was 339 days (95% confidence interval, 320-359 days), and survival time from the first procedure to repeat procedure was 350 days (95% confidence interval, 336-364 days). In total, acute PVR occurred in 25 segments (14 circles in 11 patients), whereas late PVR occurred in 19 segments (6 circles in 6 patients). All patients at repeat revealed at least one reconnected circle. The spatial distribution of acute and late PVR is given for each segment in Figure 2 . Out of 44 PVR, we observed 17 PVR at the anterior wall versus 27 PVR at the posterior wall (P=0.143) and 25 PVR at the right circle versus 19 at the left circle (P=0.176). No PVR was seen at the superior and inferior segments of the posterior left circle (segments 1, 4, and 5). Out of 19 segments with late PVR, only 2 were also characterized by acute PVR.
In those 44 segments with acute or late PVR (versus 758 segments without PVR), we observed lower Δ-Imp min , CF min , FTI min , AI min , higher ILD max and lower ALCI min . A representative example is given in Figure 3 . In this patient, adenosine revealed acute PVR at the left circle with the site of reconnection in segment 8 (anterior). The weakest link in segment 8 was characterized by the lowest ALCI min (51%) because of the combination of low AI min and high ILD max (6.8 mm) .
Overall results are summarized in Figure 4 . Compared with segments without PVR (n=758), segments with PVR (n=44) had comparable power min (20 The same results were obtained when analyzed for acute PVR and late PVR separately, except for Δ-Imp, which became significant (Table 2) . When analyzed per segment and circle separately (Table 3) , a similar trend was observed, although statistically not invariably significant (because of low number of PVR within a segment ranging from 7 to as low as 0).
Comparison of Segments With or Without PVR in Anterior and Posterior Segments
Weakest link analysis was performed on anterior wall and posterior wall separately (box and whisker plots, Figure 5 ). ROC curve analysis for anterior and posterior walls separately is given in Figure 6 . In the bottom, we plotted the specificity, sensitivity, positive predictive value, and negative predictive value to discriminate durable segments at known clinical cutoffs. 11, 12, 14 Both at the anterior and posterior walls, ALCI was invariably associated with the highest specificity and positive predictive value to discriminate a durable segment.
The relatively low sensitivity of each measure is evident from the significant overlap in values below or above the cutoffs of segments with and without PVR ( Figure 5 ).
The fact that AI and interlesion distance are independently associated with durable lesions is illustrated in Figure 7 . In those selected segments characterized by the presence of RF tags, all with an ILD max <5 mm (an ILD max of <5 mm is associated with a specificity of 90% to discriminate durable segments), AI min discriminates between segments with gaps and no gaps (P=0.009, left). Conversely, in those selected segments characterized by the presence of RF tags, all with an optimal AI (defined as AI min >550 au on the anterior wall and >417 on the posterior wall, both associated with a specificity of 90%), ILD max discriminates between segments with gaps and no gaps (P<0.001, right). 
Discussion
Main Findings
This study is the first to objectively show that criteria for both lesion depth and contiguity are major determinants of durable PVI in CF-guided ablation. The combination of interlesion distance and measures of lesion depth (power, time, and CF) into a unique variable, the ALCI, provides the best criterion to predict durable PVI. Therefore, an ALCIguided ablation procedure has the potential to further reduce significantly the need for repeat procedures after ablation for paroxysmal AF.
Time of RF Application, Power, and CF as Targets for RF Ablation
The depth of RF lesions is dependent on the time and delivered power of the RF application. 15 , 16 The present observation that segments with acute or late PVR are not characterized by lower power of RF application can be explained by the nature of the ablation protocol, allowing only limited variation in power at the anterior and posterior walls. Also, CF (or FTI) has been shown as a major determinant of RF lesion volume in experimental studies. [17] [18] [19] In the EFFICAS I study, the site of late PVR correlated strongly with minimal CF and FTI. Minimal CF of 20 g and minimal FTI >400 gs at each PV segment correlated with a 95% probability of durable PV isolation (at 3 months after index procedure). 12 Likewise, Park et al 20 showed that a cutoff value of 10 g CF (and a minimum FTI of 400 gs) has high sensitivity and specificity for acute durability of PVI. Our data confirm that segments with acute or late PVR are characterized by RF applications with lower minimal CF and FTI. However, our data suggest that FTI >400 gs is associated with a poor accuracy to predict durable segments (specificity of 47% at anterior wall and 59% at the posterior wall). Other limitations speak against the use of CF and FTI to guide point-by-point RF ablation for PVI. Practically, it is impossible to reach 10 to 20 g at each RF site Moreover, calculation of CF (and FTI) might be inaccurate because of inadequate calibration, contact with neighboring electrodes, or the angle of incidence (underestimation when parallel contact). 21 Finally, FTI as a marker of lesion quality suffers from 2 major limitations: first, FTI (calculated as the product of force by application time) suggests a linear lesion formation during ablation, whereas it is known that lesion volume growth describes a monoexponential curve. 15 Second, FTI ignores the important and evident role of power delivery in lesion creation. Guerra et al 22 showed that lesions with an FTI value of 300 gs at 35 W had a volume >3 times that of the lesion created with 20 W. As such, it was surprising that FTI 400 gs was found to be predictive for gaps in a multicenter study in which power was reported to vary from 10 to 40 W. 
Impedance Drop
In experimental studies, initial impedance decrease is a good correlate for RF lesion volume [15] [16] [17] [18] [19] and in patients, initial impedance decrease is an indicator of good catheter contact. 23 Chinitz et al 14 showed that areas of late PVR were associated with sites with small impedance decrease (<10 Ω) during point-by-point PVI. The present data-obtained in exclusively paroxysmal AF undergoing only CF-guided PVIconfirm these findings and imply that obtaining/targeting a minimal impedance decrease of >10 Ω is likely to result in a durable segment. The fact that impedance decrease is often an observation (rather than a modifiable measure) speaks against the use of impedance decrease as an optimal ablation target.
AI and Its Putative Role as Ablation Target Values
AI is based on the experimental work of Nakagawa et al. 10 This index, incorporating CF, power, and time in a weighted formula, predicted lesion depth in the canine ventricle with high accuracy. By taking into account the greater contribution of power (over CF) and of the initial time of ablation, it differs from force-power-time integral calculated as the multiplication of force, power, and time. 20 Das el al 11 recently showed that AI correlated with impedance drop and that minimal AI within a segment was predictive of reconnection at that segment at repeat electrophysiology study. Our data confirm that there is a significant difference in minimal AI values required to obtain durable segments in the anterior part of the circle (>644 au) compared with the posterior segments (>437 au), suggestive of thicker atrial tissue in anterior regions. In the present study, the accuracy of AI was at the higher end of the spectrum but in absolute values not so much higher compared with CF and FTI. The similarity for the area under the curve value between AI (based on power, time, and CF) on the one hand and FTI and CF on the other hand can be explained by the fact that in the present monocentric study, power and time were predefined (region-specific settings).
AI-guided ablation might have the following advantages: (1) the target can be reached readily at each site within the circle (eg, by increasing power at sites with low but stable contact). (2) In contrast to FTI, lesion quality is expected to be similar at a certain AI value (despite differences in power, force, and time of application required to reach that value). Several observations speak against the AI as the sole target: (1) it does not take into account characteristics of underlying atrial tissue (composition and thickness) and (2) it ignores the importance of lesion contiguity.
Contiguity of RF Applications
One of the key findings of this study is that interlesion distance is predictive of reconnection of that segment. Automated interlesion distance is a new and objective criterion defined as the center-to-center distance between 2, automatically acquired, neighboring RF tags. Our data suggest that targeting ILDs of <5 mm might be the missing link toward durable PVI. Previous studies already hinted to the importance of contiguous lesions to obtain acute durable isolation. Miller et al 24 showed that closing the visual gap was essential for acute durable PVI, whereas Park et al 20 showed that acute PVR despite CF ≥10 g was explained by ablation sites with a long interlesion distance (≥5 mm). Those studies, however, were limited by the fact that RF tags were taken manually throughout the procedure, whereas in the present study, tags were acquired automatically based on preset criteria of force and stability (Visitag). The observation that segments can be durable despite higher ILD values (limited sensitivity) might be explained by inaccuracy in 3D electroanatomic mapping or the presence of underlying tissue not relevant to atriovenous conduction.
Ablation Line Contiguity Index
In the present study, we introduced ALCI as a novel marker to detect and avoid the weakest link in the ablation chain. Based on AI and ILD, this index combines contiguity and depth to assess integrity of the PV circle. In a multivariable model, ALCI remained independently predictive of segment reconnection. Moreover, ROC curve analysis suggested that ALCI (target ≈100%) has the highest accuracy to predict durable segments. ALCI as ablation target has the following advantages: (1) ALCI cutoff value is similar for the anterior and posterior walls. (2) In keeping with the concept that the chain of ablation lesions is only as strong as its weakest link, we hypothesize that integrity of the complete RF circle can be quantified by one single, fully-automated value (ie, lowest ALCI value within the circle). As such, it is expected to enhance outcome (and its reproducibility) after CF-guided ablation. Obvious limitations are that it is dependent on CF, AI, and ILD (and their inherent disadvantages) and that it still oversimplifies the complex nature of lesion formation in atrial tissue.
Clinical Implications
This study draws attention to contiguity (which is under the operator's control because it is related to catheter manipulation and stability) and depth (which is slightly less under the operator's control, because of the multiple contributors to lesion depth) as crucial determinants of sites of ineffective lesion delivery. We hypothesize that ILD-and AI-guided ablation will increase freedom from AF after CF-guided PVI. The fact that CF stability with sufficient CF (both measures of VisiTag and AI) was found to be the most predictive of optimal 12-month success is in line with this hypothesis. 25 Whether ALCI-guided PVI will be associated with higher reproducibility in outcome and safety is currently being evaluated in a multicenter study. . Diagnostic accuracy of depth and contiguity measures to predict durable isolation within a given segment for the anterior wall (top left) and posterior wall (top right). In the bottom, we plotted the specificity, sensitivity, positive predictive value (PPV), and negative predictive value (NPV) to predict durable segments at known clinical cutoffs.
11,12,14 AI indicates ablation index; ALCI, ablation line contiguity index; au, arbitrary unit; CF, contact force; FTI, force-time integral; Δ-Imp, impedance drop; ILD, automated interlesion distance; and PVR, pulmonary vein reconnection.
Determinants of PV Reconnection
The present findings are an impetus for further research: the moderate sensitivity of ablation targets points to oversimplification of the complex nature of lesion formation and points to ignoring intra-and interpatient variations. Ideally, delivery of RF should be individualized according to real-time visualization and characteristics of the tissue before, during, and after delivery of RF energy. Only then, the unique advantage of point-by-point ablation will be exploited to its full potential.
Limitations
Sample size of this study was small, which limits the strength of the analysis per segment. The 10-segmental approach does not account for the interpatient variation in PV anatomy. It is possible that segments were misclassified as durable, knowing that some patients free of AF (not undergoing repeat ablation) have reconnected PVs. ROC curves were presented side by side using descriptive statistics.
The use of a binary conversion factor for calculating ALCI oversimplifies the complexity of underlying atrial architecture. ALCI could be improved by using a gradient of conversion factors, which reflect the variation of atrial wall thickness and atrial tissue characteristics.
The present clinical cutoffs are all associated with moderate sensitivity. This implies that RF applications with values below the target (or above in case of ILD) might still be associated with durability. As such, cutoff-guided ablation strategies might result in durable isolation at the cost of overshoot and potential safety issue. This needs to be evaluated in prospective clinical studies.
Conclusions
Minimal ablation line contiguity index, a novel ablation quality marker integrating interlesion distance into a weighed formula, is independently predictive of PV reconnection. Similar ALCI values are required to prevent reconnection of anterior and posterior segments. ALCI-guided ablation warrants prospective evaluation for improving freedom from AF. 
